Background: Defects of the adult skull do not heal spontaneously, producing challenging problems for the craniofacial surgeon. Reconstruction of such defects requires either the placement of alloplastic material or the harvest of autogenous bone. A technique is described for the reconstruction of criticalsized, full-thickness calvarial defects in the adult rat model using specific adult stem cells, namely, multipotent adult stem cells. Methods: The cells were harvested from adult skeletal muscle and cultured in an undifferentiated state within a matrix of polyglycolic acid mesh. An 8-mm critical-sized defect was created in the calvaria of adult rats and either left empty, filled with polyglycolic acid mesh alone, or filled with multipotent adult stem cells seeded into the polyglycolic acid mesh. After 12 weeks, the calvariae were harvested, stained, and blind graded by light microscopy on the presence or absence of reconstituted bone. Results: A total of 22 animals were available for study: seven from the empty defect group, eight from the polymer group, and seven from the polymer plus stem cell group. The mean scores for the three groups were 1.9, 2.3, and 5.3, respectively. Statistical analysis showed statistical significance among the groups as a whole (p Ͻ 0.01) and between the polymer plus stem cell group and the empty defect and polymer-alone group.
F
ull-thickness defects of calvarial bone are frequently the result of trauma, cancer, or surgical intervention and are some of the most dramatic deformities and challenging problems for reconstruction. 1 Repair is undertaken to prevent further injury to the underlying brain and meninges. Unlike the skull of an infant, that of an adult fails to retain the regenerative capacity to heal small defects secondarily. 2, 3 There is a need for more rapid and effective restoration of damaged adult calvarial bone.
The current standard material used for cranial vault reconstruction is autogenous tissue. 4, 5 The major advantages of autogenous bone include biocompatibility, incorporation into the surrounding tissues with time, a low rate of infection and migration, and the ability to remodel if exposed to natural forces. The disadvantages include the small donor supply available for harvest and the potential donor-site morbidity, such as injury to surrounding tissues, which may not be trivial. In lieu of autogenous bone, alloplastic materials including metals and ceramics may be custom fabricated to fit any particular defect. 6 However, most foreign material carries a higher risk of both infection and migration than does native tissue and does not possess the ability to grow with the patient if placed in a child. Hydroxyapatite mimics the structure of native bone and thus permits ingrowth of and eventual replacement by surrounding native tissue. [7] [8] [9] Demineralized bone matrix, which has been studied in the repair of both long bones and calvaria, relies on bone morphogenetic protein to stimulate resident stem cells to differentiate into osteoblasts. 10 Failure of demineralized bone matrix to repair defects may be attributable to insufficient resident stem cells.
According to Langer and Vacanti, 11 the priorities of tissue engineering with stem cells are (1) a reliable cell source, (2) a high proliferative capacity, and (3) the ability to differentiate into a variety of cell types to restore lost or defective tissues. The use of undifferentiated stem cells within a resorbable matrix is an attractive alternative for faithful restoration of large bone defects, especially if the cells could be readily procured from the patients' own tissues. Furthermore, the ability to rapidly amplify the cell volume in culture and to respond in situ to inherent signals directing appropriate differentiation would be beneficial.
Multipotent adult stem cells are undifferentiated adult stem cells that reside within the matrix of tissues derived from embryonal mesoderm. 12, 13 They differentiate into mesodermal, ectodermal, and endodermal phenotypes in culture and have been found in rat, 14 rabbit, 15 and human 16 connective tissue. The cells are easily obtained from an abundant source, such as skin or muscle, and have an apparent unlimited proliferative potential so that large populations of multipotent adult stem cells may be produced. 13, 15, 17 Thus, multipotent adult stem cells meet the requirements elucidated by Langer and Vacanti and may be useful in the regeneration of the body's lost tissues. The stem cells used previously and in the present study are derived from adult muscle tissue.
Studies have used multipotent adult stem cells to regenerate the subchondral bone in full-thickness defects in adult rabbit articular cartilage. 18 The proposed study is designed to evaluate the efficacy of multipotent adult stem cells in the reconstruction of a calvarial defect in a rat model without genetic engineering to produce growth factors. The rat critical-sized (8-mm-diameter) calvarial defect is a well-established model that, when left untreated, will not heal spontaneously with bone. It has been used extensively for testing the osteogenic capability of a wide variety of materials and cells. 19 -24 It has yet to be shown whether these particular cells are able to regenerate a calvarial bone defect.
MATERIALS AND METHODS

Cell Isolation
Multipotent adult stem cells were isolated from adult rat skeletal muscle by a previously described protocol. 17, 25 In summary, biopsy specimens of gluteal muscle were taken under sterile conditions, with care being taken to avoid tendons, nerves, and major blood vessels. The muscle sample was digested with collagenase and dispase at 37°C to obtain a single-cell suspension. The suspension was filtered through 20-m Nitex (Tetko, Depew, N.Y.) to remove debris. Then, the suspension was centrifuged and resuspended, a cell count was obtained, and the cells were plated at 10 5 cells per 100-mm gelatin-coated tissue culture dishes in Eagle's minimum essential medium supplemented with antibiotics and 10% preselected horse serum. This was referred to as the primary culture.
The primary culture was maintained until the cells reached confluence. During this culture, lineage committed cells in the culture differentiate, and skeletal myotubes and adipocytes were often observed in the cultures. 17 When the cells reached confluence, in 10 to 21 days, they were released with trypsin and the single-cell suspension was filtered through 20-m Nitex and then centrifuged at 300 g for 15 minutes. The supernatant was decanted and the cell pellet resuspended in media with serum. The cell suspension was then adjusted to 1 to 3 ϫ 10 6 cells/ml, dimethylsulfoxide was added to a final concentration of 7.5%, and then the suspension was slow-frozen to Ϫ80°C. After a minimum of 48 hours, the cells were thawed and plated in complete media into cultures for cell expansion. These "secondary" cultures were the multipotent adult stem cells.
Preparation of Implants
Polyglycolic acid mesh, composed of nonwoven fiber mats with 12-to 14-m diameter fibers at a density of 55 to 65 mg/cm 3 , was used as a carrier (Albany International, Mansfield, Mass.). The mesh was cut into circles 10 mm in diameter and sterilized with ethylene oxide. When the multipotent adult stem cells were confluent, they were released from the dish by trypsin and centrifuged, and the concentration was adjusted to 20 ϫ 10 6 cells/ml. The cell suspension was placed on the polyglycolic acid mesh disk, which was squeezed with a forceps. Before implantation, mesh with and without the multipotent adult stem cells was cut aseptically to the appropriate dimensions using an underlying template.
Creation of the Calvarial Defect
The use of animals in this study was in compliance with the recommendation of the Panel on Euthanasia of the American Veterinary Medicine Association. Twenty-two mature, male SpragueDawley rats (6 months of age) were used for the study. A longitudinal incision over the calvaria was used to expose the skull. A standard 8-mm defect was created by dental burr and rinsed with lactated Ringer's solution to clear debris. [22] [23] [24] The defect was (1) left open as a control (n ϭ 7), (2) filled with polyglycolic acid matrix alone (n ϭ 8), or (3) filled with multipotent adult stem cells within the polyglycolic acid matrix scaffold (multipotent adult stem cells plus polyglycolic acid) (n ϭ 7). The scalp wound was closed with interrupted 4-0 or 5-0 silk sutures. The day of surgery was designated as day 0. Two of the seven rats from group 3 received allogeneic multipotent adult stem cells transduced with green fluorescent protein to allow tracking of the cells. They were evaluated with the other specimens from that group and included in the results.
Specimen Evaluation
The animals were humanely killed at 12 weeks after implantation. Twenty-two specimens were available for study. Each was examined in situ, removed en bloc with surrounding native bone, fixed in 4% buffered paraformaldehyde, and decalcified. For histologic examination, the specimens were bisected sagittally through the center of the defect, embedded in paraffin, and cut at a thickness of 5-m for staining. Tissue stains included hematoxylin and eosin, toluidine blue, and Mallory-Heidenhain.
Antibody stains included staining with antibodies to bone sialoprotein, osteopontin, and type II collagen (as a negative control). In addition, the samples with green fluorescent protein-transduced multipotent adult stem cells were immunostained for green fluorescent protein. This was done with double-labeling in conjunction with the antibodies to ascertain whether the multipotent adult stem cells had differentiated.
A modification of a the Ohgushi scale, 26 used previously for healing in orthotopic defects, was used for the calvaria in the present study. The degree and the quality of repair in five sections from each sample was assessed and scored by two blinded observers. The use of five sections was designed to compensate for the possible variability of tissue formation within the defect. Factors taken into account were bone on one side of the defect (one point per side), integration of bone on both sides of the defect (one point per side), bone crossing more than half the defect (one point total), bone completely across half the defect (one point per side), and evidence of recreation of the midline suture (one point total). A maximum of eight points was possible per section. The scores from each sample were then averaged.
Statistical Analysis
The mean scores generated from each of the three study groups were collected in Analyze-It software (Leeds, England). Statistical significance of the three study groups was assessed by the Kruskal-Wallis test. Individual groups were compared by using the Mann-Whitney U test, and a value of p Ͻ 0.05 was considered statistically significant. The use of five sections was designed to compensate for possible variability of tissue formation within the defect.
RESULTS
Gross examination of the specimens at the time of harvest showed a layer of new bone either completely or partially across the calvarial defect in those animals who were treated with multipotent adult stem cells plus polyglycolic acid. The calvaria of the remaining two groups grossly demonstrated only the residual defect in the region of the previously removed calvaria.
Defects that were either left empty (Fig. 1 ) or treated with the polyglycolic acid scaffold alone (Fig. 2) showed minimal evidence of bone regeneration under microscopic examination. Although there was evidence of slight bone growth from the edges of the defect, the centers of the defects were either completely empty of tissue or contained a thin layer of loose connective tissue (Fig. 1, left and Fig. 2, left) . Although several samples had small amounts of new bone adjacent to the edge of the defect, this new bone was not contiguous with the existing host bone (Fig. 1,  right and Fig. 2, right) . In animals treated with polyglycolic acid, either alone or with multipotent adult stem cells, small remnants of residual polymer were occasionally seen (Fig. 2, right) , but only in very small microscopic remnants. Prior studies have shown that by 12 weeks, the polyglycolic acid scaffold has dissolved completely. 18 In contrast, polyglycolic acid plus multipotent adult stem cell-treated animals exhibited growth of a layer of bone across the calvarial defect (Fig.  3) . Two of the multipotent adult stem cell-treated specimens demonstrated complete bone growth across the gap. In all cases, regenerated bone was noted to be spatially accurate and showed appro-
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priate integration with the host tissue at the margins of the defect to the point that it was often impossible to discern the host bone/regenerated bone interface and determine the edge of the original defect (Fig. 3, left) .
When subjected to a grading system by a blinded observer, the multipotent adult stem cell plus polyglycolic acid group demonstrated significantly greater calvarial healing. The mean score for the empty defect group was 1.9. The mean Volume 123, Number 4 • Bioengineering of Calvaria score for the polyglycolic acid-alone group was slightly higher at 2.3. The polyglycolic acid plus multipotent adult stem cell group had a mean score of 5.3 (Fig. 4) . Assessment of the means for the three study groups by the Kruskal-Wallis test yielded statistical significance, with a value of p ϭ 0.0013. Comparison of individual groups by the Mann-Whitney U test yielded a value of p ϭ 0.0041 between the empty defect group and the polyglycolic acid plus multipotent adult stem cell group and 0.0059 between the polyglycolic acid-only group and the polyglycolic acid plus multipotent adult stem cell-treated group. There was no statistically significant difference between the empty and polyglycolic acid-only control groups (p ϭ 0.281).
The specimens were immunostained for green fluorescent protein in the previously transduced multipotent adult stem cells. There were no green fluorescent protein-positive cells in either the empty defect group or the group treated with polyglycolic acid alone (Fig. 5) . However, there were green fluorescent protein-positive osteocytes within lacunae within the regenerated bone in the polyglycolic acid plus multipotent adult stem cell group (Fig. 6) . Al- 
DISCUSSION
Multipotent stem cells derived from adult muscle offer many advantages for the reconstruction of complex calvarial defects. They are easily isolated from connective tissue, have rapid and tremendous amplification potential, and respond to local endogenous inductive signals to differentiate into the phenotypes at the site. Multipotent adult stem cells from an affected individual may be obtained from a biopsy specimen of skeletal muscle or dermis followed by a routine isolation procedure. The required number of cells can then be generated by in vitro expansion of the isolated cells. This pilot study tested whether suitably amplified multipotent adult stem cells could be seeded into resorbable polymers, placed into a calvarial defect, and regenerate bone, filling the defect with structural bone.
The approach described has worked in the past for treatment of articular cartilage injury. 18 However, different tissues behave differently, and it was not known whether calvarial defects would respond in the same manner as articular cartilage defects. The results presented here indicate that multipotent adult stem cells, cultured in a biodegradable, biocompatible polyglycolic acid scaffold, are capable of regenerating bone across large full-thickness calvarial defects. These defects did not close when left empty or treated with polyglycolic acid scaffold alone. The polyglycolic acid polymer mesh served as temporary scaffolding for tissue regeneration; polyglycolic acid slowly and completely dissolved, leaving no residue to compromise tissue restoration. Two of the animals exhibited bone that completely filled the calvarial defect, thus indicating that multipotent adult stem cells in a biodegradable scaffold are capable of completely regenerating a critical sized calvarial defect. The absence of complete regeneration in the remaining specimens may be related to the concentration of multipotent adult stem cells within the polyglycolic acid scaffold and the time allowed for reconstruction. It is also possible that some of the scaffold and/or multipotent adult stem cells may have migrated away from the operative site because the periosteum was not reconstructed. Several parameters may be altered to improve the resultant bone deposition, including the number of multipotent adult stem cells initially seeded on the polyglycolic acid; the growth time in culture; the density of the mesh of the implant; or a different matrix such as alginate, polylactic acid, or porous calcium phosphate.
The primary concern of this pilot study was to see whether multipotent adult stem cells in a scaffold could regenerate bone in a calvarial defect. The exact mechanism of healing will be left to further studies. However, at least some of the mature bone regenerated within the calvarial defect is attributable to local differentiation of implanted multipotent adult stem cells (Fig. 6) . Because the multipotent adult stem cells were not transduced Volume 123, Number 4 • Bioengineering of Calvaria with any growth or differentiation factors, this strongly suggests that some multipotent adult stem cells responded to local induction signals to differentiate into osteogenic cells. Rough estimates are that 50 to 70 percent of osteocyte lacunae contained green fluorescent protein-positive cells. This probably represents a lower limit, because some multipotent adult stem cells may have produced too little green fluorescent protein to detect and some lacunae did not have osteocytes in that particular histologic section. Even so, the results indicate that part of the regenerated bone results from host cells, suggesting that multipotent adult stem cells may have another, as yet unknown, mechanism for stimulating regeneration of bone. Future studies will attempt to elucidate that mechanism and follow the fate of the implanted multipotent adult stem cells over time. We hypothesize that the multipotent adult stem cell-derived osteocytes will be replaced by host cells during normal remodeling, but this needs to be tested.
In contrast to the results presented here, previous research using stem cells derived from skeletal muscle required the stem cells to be transduced with bone morphogenetic protein-2 (BMP-2) to achieve closure of a calvarial defect. 27 Although those cells were also obtained from skeletal muscle, they also would not differentiate to osteoblasts in vitro unless they were transduced with BMP-2. 28 In contrast, the multipotent adult stem cells in this study differentiated to osteoblasts in vitro with treatment with either dexamethasone or BMP-2. 29 The multipotent adult stem cells in this study are different from the stem cells isolated by Lee et al., 17, 25 implying that skeletal muscle contains many types of stem cells in residence. It should be noted that stem cells isolated from bone marrow were able to close a calvarial defect without being transduced with BMP-2. 30 Thus, although transduction with BMP-2 is required for the cells used by Lee et al. to achieve closure of a calvarial defect, it is not an absolute necessity to transduce stem cells for tissue engineering. Some adult stem cells, such as those isolated from bone marrow or multipotent adult stem cells, are capable of regenerating bone without transduction with growth or differentiation factors.
CONCLUSIONS
In summary, the major advantages to the approach in this study are as follows: (1) the multipotent adult stem cells are easily isolated from small amounts of readily available tissue, such as skeletal muscle; (2) no sophisticated culturing procedures are necessary, as in engineering artificial skin and other multitissue composites; and (3) the multipotent adult stem cells responded to local cues to differentiate to osteoblasts without genetic engineering of bone inductive factors. This approach would represent a substantial advance over current treatment strategies, especially if it can be applied to a variety of defects affecting multiple mesenchymal tissues. Further directions for study include (1) testing the strength of the newly formed bone as it compares to uninjured tissue, (2) obtaining earlier time points to assess the time course of regeneration and the early events, (3) testing longer time points such as 24 and 52 weeks to test the stability and longevity of the regenerated bone, and (4) assessing any possible adverse effects.
